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ABSTRACT
Recent studies have emphasized the significant role of p-cresol and its conjugated form, p-cresyl sulphate (PCS), in enhancing 
oxidative stress, leading to potential detrimental effects on various biological systems. Both p-cresol and PCS contribute to in-
creased production of reactive oxygen species (ROS), which can result in tissue damage, inflammation and a cascade of physi-
ological abnormalities. Elevated p-cresol levels have been associated with greater clinical severity in autism spectrum disorder, 
correlating with more severe behavioural manifestations and a history of regression. This systematic review explores the recent 
evidence on how these compounds promote oxidative stress and their impact on different health conditions. This review also 
addresses the involvement of p-cresol and PCS in conditions such as chronic kidney disease, Parkinson's disease and other neu-
rodegenerative disorders, where oxidative damage contributes to disease progression. Furthermore, this review highlights the 
need for further research to understand the precise mechanisms by which p-cresol and PCS modulate oxidative stress and their 
potential as biomarkers for clinical diagnosis and disease management.

Summary 
•	 This focused review systematically summarizes recent evidence that oxidative stress plays an important role in the damage 

of biological systems produced by two uremic toxins, p-cresol and its conjugated form, p-cresyl sulphate (PCS).
•	 p-cresol coming from environmental sources or produced by some gut bacterial strains, modulates various conditions, like 

chronic kidney disease, Parkinson's disease and autism spectrum disorder, among others.
•	 Oxidative damage and inflammation seemingly contribute to disease onset, progression and/or severity.
•	 The exact mechanism by which p-cresol and PCS promote oxidative stress, their influence on disease trajectory and their 

potential role as biomarkers merit further investigation.
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1   |   Introduction

Oxidative stress (OS) is a condition characterized by the im-
balance of the production and degradation of reactive oxygen 
species (ROS) or reactive nitrogen species (RNS) leading to 
disruption of redox signalling and cellular or molecular dam-
age. These molecules have high reactivity and are products of 
oxygen or nitrogen metabolism. Examples of ROS and RNS are 
free radicals such as superoxide radical (O2

−), hydroxyl radical 
(OH•), nitric oxide (NO) and non-free radicals like hydrogen 
peroxide (H2O2) and peroxynitrite (ONOO−). ROS can oxidize 
the mitochondrial complexes involved in the electron trans-
port chain, reducing the efficiency of oxidative phosphory-
lation and thus hampering ATP production. Elsewhere, they 
can also interfere with many enzymatic activities (methionine 
synthase is a paradigmatic example) and with lipid membrane 
fluidity, directly or indirectly affecting several metabolisms as 
well as receptor function [1]. Additionally, ROS are produced 
in other cellular compartments, such as the endoplasmic re-
ticulum and peroxisomes, where they play roles in cellular 
signalling and metabolism but can also contribute to cellular 
dysfunction when their levels exceed the cell's capacity for de-
toxification [2, 3].

Mitigation of oxidative damage is achieved through a variety of 
enzymatic and non-enzymatic antioxidant mechanisms. The 
primary antioxidant enzymes, namely superoxide dismutase 
(SOD), catalase (Cat) and glutathione peroxidase (GPx), pos-
sess the capability to neutralize reactive oxygen species (ROS). 
Beyond these enzymatic antioxidants, ROS can also be mit-
igated by non-enzymatic molecules that exhibit free radical 
scavenging properties, including vitamins, melatonin and 
glutathione (GSH). In circumstances where antioxidant de-
fences are insufficient to neutralize ROS, these reactive spe-
cies persist within the biological system for extended periods, 
leading to the oxidation of vulnerable biomolecules, which 
in turn disrupts cellular functions and initiates pathological 
processes. The detrimental disparity between antioxidant 
capacity and free radical concentrations, culminating in ox-
idative stress, is hypothesized to play a significant role in the 
pathophysiological development, progression and severity of 
various conditions, including hypertension, atherosclerosis, 
chronic kidney disease, diabetes mellitus, arthritis, neurode-
generative diseases, cancer, and more recently, neurodevelop-
mental disorder. As evidenced by numerous studies, autism 
spectrum disorder (ASD) has been associated with elevated 
oxidative stress through multiple mechanisms, including the 
toxic accumulation of reactive oxygen species, aberrant lipid 
peroxidation, alterations in protein structures and diminished 
antioxidant capacity [2, 4]. Furthermore, the brains of chil-
dren exhibit heightened susceptibility to oxidative stress com-
pared to adults due to their comparatively lower antioxidant 
defences and detoxification capabilities [5]. Research indicates 
that children diagnosed with ASD demonstrate significantly 
reduced levels of glutathione (GSH)/oxidized glutathione 
(GSSG) ratio, methionine, cysteine, vitamins B9, B12, E, D, 
S-adenosylmethionine/S-adenosylhomocysteine and calcium 
concentrations [6]. Efforts aimed at enhancing antioxidant 
capacity to ameliorate oxidative stress through supplementa-
tion with antioxidants such as vitamin C, coenzyme Q10, sul-
foraphane, N-acetylcysteine, cocoa and melatonin may yield 

improvements in prognosis by mitigating irreversible damage 
within the ASD-afflicted brain and alleviating the symptoms 
experienced by children with ASD [4, 5, 7].

p-Cresol and its conjugated derivative, p-cresyl sulphate 
(PCS), uremic toxins, are a member of the cresol group of 
organic aromatic compounds, has significant toxicological 
implications for humans. It is naturally produced through 
the photo-oxidation of toluene, an environmental chemical, 
which can lead to human exposure via inhalation or skin con-
tact. Another major source of p-cresol is gut bacteria, which 
generate it through the tyrosine fermentation pathway. This 
pathway, driven by bacteria such as Clostridium difficile, C. 
scatologenes and certain Lactobacillus species, becomes par-
ticularly significant under conditions of microbial overgrowth 
or dysbiosis, as frequently occurs in children with ASD [8]. 
The abundance of L-tyrosine in the gut resulting from such 
factors such as slow intestinal transit time, increased gut 
epithelial turnover, chronically elevated tyrosine intake, ex-
cessive dietary protein consumption, or pharmacological 
inhibition of gastric acid secretion) may further promote mi-
crobial synthesis of p-cresol. Both p-cresol and PCS exert toxic 
effects on multiple physiological systems, including the liver, 
cardiovascular, immune and nervous systems. These effects 
are mediated by mechanisms such as oxidative damage, mito-
chondrial inhibition, immune suppression and metabolic dis-
ruption. Furthermore, these compounds are linked to chronic 
diseases like chronic kidney disease and may contribute to 
conditions such as ASD [8].

There is a positive correlation between elevated urinary p-cresol 
levels and clinical severity in children with ASD, especially in 
those with a history of regression. This suggests that p-cresol 
may exacerbate ASD symptoms [9]. A replication study found 
similar results, indicating that urinary levels of both p-cresol 
and PCS, were elevated in ASD. These elevated levels were as-
sociated with stereotypic and compulsive/repetitive behaviours 
and were more pronounced in younger children, particularly 
those under 8 years old, and those with more severe ASD symp-
toms [10].

Given that p-cresol and PCS could modulate autism severity 
and acting through several mechanisms, including the pro-
inflammatory effects of PCS as chemical and toxins could 
contribute to enhanced oxidative stress in ASD [11], we sought 
to further examine the impact of p-cresol and PCS on various 
biological systems and their contribution to oxidative stress. 
Therefore, this systematic review aims to consolidate and 
summarize the current evidence regarding the association of 
p-cresol and PCS with oxidative stress focusing on recent de-
velopments of the literature published during the last 5 years 
[12–14].

2   |   Material and Methods

2.1   |   Search Strategy

In this systematic review, a comprehensive literature search 
was conducted to identify relevant studies published during 
the last 5 years. The search strategy employed the following 
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keywords: ‘oxidative stress’ AND ‘p-cresol’ OR ‘cresol’ OR 
‘4-methylphenol’ OR ‘4-cresol’ OR ‘p-cresyl sulphate’, specif-
ically within the titles or abstracts of the studies. The search 
was executed across five databases: PubMed, EBSCOhost, 
Scopus, ProQuest and Elsevier, covering studies published 
from January 2020 to December 2024. A detailed list of the 
keywords used in each database and article type is provided 
in Table 1.

2.2   |   Inclusion and Exclusion Criteria

A set of inclusion and exclusion criteria was applied during 
the selection process for this systematic review. The inclu-
sion criteria were as follows: (1) human studies, primarily 
cohort studies and case control studies; (2) animal studies, 
including experimental in vivo studies on animal models; (3) 
studies published in English, French, Spanish or Italian. The 
exclusion criteria were as follows: (1) article types, including 
reviews, case reports, conference abstracts, book chapters, 
opinion papers, editorials and letters; (2) studies with inac-
cessible full text; (3) studies with data that could not be ex-
tracted despite attempts to contact the corresponding author; 
(4) studies published in languages other than English, French, 
Spanish or Italian.

2.3   |   Data Extraction, Study Outcomes and Risk 
of Bias Assessment

2.3.1   |   Data Extraction

One reviewer conducted the initial search of the databases to 
identify the studies pertaining to the topic and filter the results 
based on inclusion criteria by screening title, abstract or full text. 
The second reviewer then checked this initial selection. Any dis-
agreement between the two reviewers has been resolved by dis-
cussion. The details of information that were extracted from the 
included article were as follows: (1) authors, year of publication, 

country; (2) study design; (3) characteristics of study sample; (4) 
type of exposure/intervention; (5) results. Data have been col-
lected in an Excel spreadsheet.

2.3.2   |   Study Outcomes

The main outcomes of interest observed in this review were 
as follows: (1) levels of biomarkers of oxidative stress, such as 
reactive oxygen species (ROS), malondialdehyde (MDA) and 
antioxidant enzyme activity (e.g., superoxide dismutase (SOD), 
catalase (CAT) and glutathione peroxidase (GPx); (2) empirical 
data about the association of p-cresol and p-cresyl-sulphate to 
oxidative damage, including mitochondrial dysfunction, lipid 
peroxidation, or DNA damage. Moreover, association between 
p-cresol-induced oxidative stress and disease conditions, such as 
chronic renal disease, cardiovascular diseases, autism spectrum 
disorder and neurodegenerative disorders.

2.3.3   |   Risk of Bias Assessment

The risk of bias in case–control studies was assessed using 
the Newcastle–Ottawa Scale (NOS). This tool evaluates three 
distinct domains: selection, comparability and outcome/expo-
sure, with maximum scores of 4, 2 and 3 points, respectively. 
Each domain comprises specific components that address 
various aspects of the study design. The components have 
been applied in accordance with the protocol established for 
cohort and case–control studies. Following the evaluation of 
each domain, a judgement regarding the risk of bias has been 
assigned, based on the criteria specified by the Newcastle–
Ottawa Scale [15].

The risk of bias for in  vitro quasi experimental studies has 
been assessed using the revised Joanna Briggs Institute (JBI) 
critical appraisal tool for quasi-experimental studies. The re-
vised JBI critical appraisal tool for quasi-experimental stud-
ies consists of a set of questions to determine the risk of bias 

TABLE 1    |    Search strings used to search each database.

No. Database Keywords

1. PubMed (47) ((‘oxidative stress’[Title/Abstract] AND ‘p-cresol’[Title/Abstract]) OR ‘cresol’[Title/Abstract] OR 
‘4-methylphenol’[Title/Abstract] OR ‘4-cresol’[Title/Abstract] OR ‘p-cresyl-sulfate’[Title/Abstract]). 
Article type: Clinical study, Clinical article, Observational study, Observational study veterinary, 

Randomized controlled trial, Randomized controlled trial veterinary. Publication date: last 5 years

2. Scopus (48) TITLE-ABS (oxidative AND stress) AND (TITLE-ABS (p-cresol) OR TITLE-ABS (cresol) OR 
TITLE-ABS (4-cresol) OR TITLE-ABS (p-cresyl-sulfate) OR TITLE-ABS (4-methylphenol)) 

AND PUBYEAR > 2019 AND PUBYEAR < 2025 AND (LIMIT-TO (DOCTYPE, ‘ar’))

3. EBSCOhost (47) AB oxidative stress AND AB p-cresol OR AB cresol OR AB p-cresyl-sulfate OR AB 
4-cresol OR AB 4-methylphenol. Full Text; Publication Date: 20200101–20 241 231

4. ProQuest (12) abstract (oxidative stress) AND abstract(p-cresol) OR abstract (cresol) OR abstract(4-cresol) OR 
abstract(p-cresyl-sulfate) OR abstract(4-methylphenol). Limits: Full text, Date: From 1January 

2020 to 31 December 2024, Source type: Evidence-Based Medical Resources, Scholarly Journals, 
Document type: Case Study, Dissertation/Thesis, Evidence Based Healthcare, Report

5. Elsevier (25) oxidative stress AND (p-cresol OR cresol OR 4-methylphenol OR 
4-cresol OR p-cresyl-sulfate). Limits: Date: 2020–2024
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or address other factors that are related to the study validity 
or quality. This critical appraisal tool assesses seven different 
domains of bias such as temporal procedure bias, selection 
and allocation bias, confounding factors bias, administration 
of intervention or exposure bias, outcome assessment, detec-
tion and measurement bias and participant retention bias. 
Following the evaluation of each domain, a judgement regard-
ing the risk of bias was assigned based on the JBI critical ap-
praisal tool for quasi-experimental studies. Both assessments 
have been conducted by two independent reviewers, and any 
discrepancies have been resolved through consensus among 
all authors [16].

2.3.4   |   Data Synthesis

Key features of each study, including sample characteristics, 
intervention details and outcomes, have been systematically 
extracted. A comprehensive analysis was conducted to identify 
common patterns and themes across the studies, with a focus on 
the differential effects of microbiota-derived metabolites in both 
in vitro and in vivo models of chronic kidney disease, cardio-
vascular diseases, autism spectrum disorder and neurodegener-
ative disorders.

No formal statistical analysis was performed, as this review 
primarily aims to systematically identify and summarize re-
cent mechanistic studies conducted using diverse experimental 
models, rather than to aggregate case–control studies for meta-
analysis. The results will be presented as a narrative synthesis, 
organized by compound and underlying mechanism, with an 
emphasis on consistent findings and identification of gaps in the 
current literature.

2.3.5   |   Registration of the Systematic Review

This systematic review was registered in the International 
Prospective Register of Systematic Reviews (PROSPERO) on 
December 13, 2024, with id. CRD42024621293.

3   |   Results

3.1   |   Study Selection, Study Characteristics 
and Quality Assessment

We initially identified 179 records through a comprehensive 
search across five databases: Scopus, EBSCOhost, PubMed, 
Elsevier and ProQuest. After removing 28 duplicate records, 
a preliminary screening was conducted based on the titles and 
abstracts of the remaining articles. Of these, 134 records were 
excluded according to predefined inclusion and exclusion 
criteria. This initial screening yielded 17 studies that were 
deemed eligible for further evaluation at the full-text level. 
Subsequently, 11 studies were excluded for the following rea-
sons: five studies investigated outcomes unrelated to oxida-
tive stress, three studies utilized inappropriate comparators 
(e.g., indoxyl sulphate), two studies had inaccessible full-text 
articles, and one study was a pilot study. Ultimately, 6 studies 
met the inclusion criteria and were retained for this review. A 

detailed flowchart outlining the systematic search and selec-
tion process is presented in Figure 1.

The final selection of six studies consisted of two case–con-
trol studies and four in  vitro quasi-experimental studies. 
These studies were conducted across various countries: two 
in Brazil, one in France, one in Canada, one in Georgia and 
one in Taiwan. The studies were published between 2020 
and 2022. The eligible study subjects included humans, an-
imals and human- or animal-derived cells. Specifically, one 
study was conducted on humans, one on mice and four stud-
ies involved cell lines, including pheochromocytoma cells 
(PC-12), HepaRG cells (metabolically competent human pri-
mary hepatoma liver cells), the human endothelial cell line 
EA.hy926, human monocytic-like U-937 cells and mouse 3T3-
L1 adipocytes.

The quality and risk of bias assessments for the six included stud-
ies are presented in Supplementary Tables 1A and 1B for case–
control and in  vitro quasi experimental studies, respectively. 
Overall, the majority of studies demonstrated good quality.

3.2   |   Study Outcomes

The effects and role of p-cresol and its derivative PCS in the 
modulation of oxidative stress remain insufficiently explored. 
Although numerous studies speculate on the potential mech-
anisms through which p-cresol and PCS may induce oxidative 
stress, most research has primarily identified elevated concen-
trations of these compounds under oxidative stress-related con-
ditions, such as neurobehavioral disorders and chronic kidney 
disease. This systematic review provides recent evidence that p-
cresol and PCS can indeed induce oxidative stress and through 
this effect may play a significant role in the pathophysiology of 
various diseases characterized by excessive oxidative stress, in-
cluding chronic kidney disease (CKD), neurodegenerative and 
neurodevelopmental disorders [13, 14, 17–20].

Table 2 provides a detailed summary of the findings from all six 
studies, which were selected through our rigorous and system-
atic review process. These studies utilized a diverse range of ex-
perimental models, including human subjects, human-derived 
cells, mice and mouse-derived cells, and explored various condi-
tions associated with oxidative stress, such as neurobehavioral 
abnormalities and chronic kidney disease. The studies employed 
a broad spectrum of p-cresol concentrations, ranging from 0.25 
to 212 μM. All studies collectively support the conclusion that 
p-cresol plays a significant role in the induction of oxidative 
stress. Specifically, the studies identified several key mecha-
nisms through which p-cresol and/or its derivative PCS contrib-
ute to oxidative stress, including the activation of nicotinamide 
adenine dinucleotide phosphate (NADPH) oxidase, dysregu-
lation of brain-derived neurotrophic factor (BDNF) secretion, 
dopaminergic and serotonergic neurotransmission, increased 
levels of corticosterone and repressor element 1-silencing tran-
scription factor (REST) and the induction of extracellular vesicle 
(EV) formation yielding inflammation through cell–cell com-
munication. Additionally, the studies highlighted potential in-
tracellular cascades underlying the oxidative stress induced by 
p-cresol, including the activation of transcription factors such 
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as cAMP response element-binding protein (CREB) and acti-
vating transcription factor 1 (ATF1). Furthermore, one study 
utilized dichlorofluorescein (DCF) as a marker for assessing ox-
idative stress in cells, providing a quantitative measure of ROS 
production.

4   |   Discussion

The studies reviewed here provide converging evidence that 
p-cresol induces oxidative stress and related pathophysiologi-
cal effects, making finding from experimental models relevant 
to the clinical setting. In children with ASD this occurs at p-
cresol concentrations ranging from 0.25 to 212 μM, which span 
plasma levels recorded in CKD, typically exceeding 100 μM. At 
these concentrations, plasma levels of p-cresol in CKD patients 
are sufficient to contribute to cellular and systemic dysfunc-
tion. Several potential mechanisms through which p-cresol and 
PCS contribute to oxidative stress have been identified. These 
mechanisms include the activation of NADPH oxidase, dysreg-
ulation of neurotrophic factors (e.g., brain-derived neurotrophic 
factor, BDNF) and neurotransmitters (e.g., dopamine and 

serotonin) and the induction of EV formation able to exert a pro-
inflammatory modulation on distant cells. One of the studies 
highlighted the use of DCF as a reliable marker for quantifying 
oxidative stress at the cellular level [21]. These findings high-
light the potential of p-cresol and PCS to contribute to oxidative 
damage and their involvement in the pathogenesis of various ox-
idative stress-related disorders [13, 14, 17–20].

NADPH oxidase (NOX) enzymes are membrane-bound multi-
subunit complexes that function to transfer electrons across 
cellular membranes to molecular oxygen, thereby generating su-
peroxide anions (O2

−) and other ROS, including hydrogen perox-
ide (H2O2) and hydroxyl radicals (OH•). These ROS can modify 
cellular proteins by fragmenting peptide chains, cross-linking 
proteins and adding carbonyl groups, which renders proteins 
more susceptible to proteolytic degradation. Such modifications 
can inhibit enzymatic activity, increase the propensity for pro-
tein aggregation and proteolysis, alter cellular uptake mecha-
nisms and modify immunogenic properties. NOX enzymes are 
involved in a range of critical biological processes, including cel-
lular signalling, metabolism, stress responses, host defence and 
the maintenance of tissue homeostasis [22, 23].

FIGURE 1    |    PRISMA flowchart.
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There is increasing evidence linking NOX enzymes to neurobe-
havioral disorders, particularly neurodegenerative conditions 
such as Alzheimer disease and related dementia [23–25], also 
Parkinson's disease dementia [26, 27]. Microglia and astrocytes 
are key mediators of age-related neuroinflammation. Enhanced 
microglial activation is associated with the generation of exces-
sive ROS, which can exacerbate oxidative damage within the 
central nervous system (CNS). In neurodegenerative diseases, 
however, these microglia can become ‘disease-associated’, 
meaning they take on a pro-inflammatory and harmful role 
that can further contribute to neuronal damage [28].Activation 
of NOX enzymes in microglia and astrocytes contributes to the 
production of ROS during neuroinflammatory responses. In the 
context of injury, activated microglia and astrocytes generate el-
evated levels of ROS through NOX enzymes, which adversely 
affect the expression of molecules that regulate the integrity of 
the blood–brain barrier (BBB). This disruption of BBB function 
is implicated in the pathogenesis of neurodegeneration and cog-
nitive decline, underscoring the role of NOX-mediated oxidative 
stress in neuroinflammatory and neurodegenerative diseases 
[23, 29]. The activation of NOX by p-cresol has been recorded in 
mouse 3T3-L1 adipocytes [20]. More investigations will be nec-
essary to verify whether this interesting result can be replicated 
and extended to other cell lines and species, including humans.

BDNF is a neurotrophin predominantly expressed in the hippo-
campus and cerebral cortex, where it plays a critical role in neu-
ronal development, synaptic plasticity, learning, memory, mood 
regulation, neurogenesis and neuroprotection [20, 30]. BDNF 
exerts its effects through its mature form, which promotes 
neuronal survival and plasticity. However, the precursor form, 
pro-BDNF, can trigger apoptosis, reduce dendritic spine density 
and contribute to depressive-like states, particularly within the 
hippocampus. Dysregulation of BDNF signalling, potentially 
induced by compounds such as p-cresol, may impair BDNF 
production and disrupt its associated signalling pathways. Such 
dysregulation has been implicated in brain atrophy, cognitive 
decline and an elevated risk of psychiatric disorders [31, 32].

The study investigated the impact of p-cresol on BTBR mice, a 
model for ASD. Mice were maintained under controlled con-
ditions with ad libitum access to food and water and a 12:12-h 
light–dark cycle, with behavioural testing conducted between 
postnatal days 60–70. Following a single acute injection of p-
cresol, behavioural assessments commenced 15 min later, 
alongside biochemical analyses of brain tissue to evaluate neu-
rotransmitter levels and metabolites. The findings demonstrated 
that p-cresol administration induced behavioural abnormalities 
that mimic core ASD symptoms, including heightened anxiety-
like behaviours, hyperactivity and stereotypic actions. The 
study underscores the importance of gene–environment inter-
actions, highlighting how genetic susceptibility interacts with 
environmental exposure to neurotoxic agents such as p-cresol. 
Moreover, it was found that p-cresol disrupts dopaminergic ac-
tivity in the brain, particularly in the amygdala and striatum, 
which are critical for reward processing and social behaviours 
[33], prefrontal cortex of susceptible mice [33, 34], decreased ac-
tivity of central dopamine neurons involved in the social reward 
circuit [35], and also abnormal dopamine metabolism in autism 
[36]. In addition to the previously shown disruption of dopami-
nergic axis [35, 37], also serotonergic neurotransmission may 

be negatively influenced by p-cresol and PCS [13]. The major-
ity of serotonin is stored intracellularly within synaptic vesicles, 
from which it is released into the synaptic cleft upon neuronal 
depolarization. Once released, serotonin binds to specific recep-
tors located on both presynaptic and postsynaptic membranes, 
influencing diverse physiological functions and behaviour. 
Dysregulation of serotonin production and release, potentially 
induced by p-cresol, can have profound negative effects also on 
both physiological processes and behavioural outcomes, con-
tributing to mood disorders, cognitive impairment and other 
neuropsychiatric conditions [31].

EVs are membrane-bound particles derived from various cellular 
compartments and processes, which are released into the extra-
cellular space. EVs play a critical role in intercellular communi-
cation, facilitating the transfer of bioactive molecules between 
cells. These vesicles possess the capacity to deliver antioxidants 
to adjacent cells, thereby acting as scavengers of ROS, while 
concurrently carrying enzymes involved in ROS production. 
The functional characteristics of EVs, including their ability to 
modulate oxidative stress, are influenced by the physiological 
and pathological conditions, as well as the redox status, of the 
cells from which they originate. p-Cresol has been shown to en-
hance the formation of EVs, which, in turn, can promote ROS 
generation, contributing to the induction of oxidative stress [38].

Transcription factors (TFs) are crucial regulators of gene ex-
pression, controlling essential cellular processes such as pro-
liferation, survival, self-renewal and invasion. CREB, a key 
cellular transcription factor, mediates cellular responses to var-
ious physiological and pathological signals. In the context of ox-
idative stress, ROS induces the activation of CREB, which plays 
a pivotal role in promoting cell survival. CREB regulates the 
expression of several genes involved in ROS detoxification, in-
cluding the upregulation of the APE1 gene and the induction of 
anti-apoptotic genes. Studies have demonstrated that exposure 
to p-cresol leads to an increase in CREB levels, highlighting the 
cellular response to enhance cell survival in the face of oxidative 
stress. The overexpression of CREB activates DNA damage re-
sponse genes, facilitating DNA repair mechanisms and prevent-
ing apoptosis. This adaptive response underscores the critical 
role of CREB in maintaining cellular integrity under conditions 
of oxidative stress [39].

Based on the findings from the reviewed studies, several clini-
cal implications of p-cresol and its derivatives can be identified. 
p-Cresol and PCS boost oxidative stress, contribute to cellular 
dysfunction, disrupted intracellular signalling cascades and 
mitochondrial inhibition, thereby exacerbating the pathophys-
iological development, progression and severity of various con-
ditions, including hypertension, atherosclerosis, chronic kidney 
disease, diabetes mellitus, arthritis, neurodegenerative dis-
eases (e.g., Parkinson's disease), cancer and neurodevelopmen-
tal disorders (e.g., autism spectrum disorder), as illustrated in 
Figure  2. Future therapeutic strategies for diseases associated 
with oxidative stress may involve targeting p-cresol and its me-
tabolites with potential therapeutic agents able either to reduce 
gut absorption or minimize production, for example by limiting 
the proliferation of cresol-producing clostridia with appropri-
ate prebiotics. Additionally, the measurement of p-cresol and 
PCS levels performed in parallel with peripheral measures of 
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oxidative stress could serve to monitor longitudinally p-cresol 
contributions to diseases associated with excessive oxidative 
stress. To mitigate the oxidative stress induced by p-cresol and 
PCS, interventions such as antioxidants and enzyme inhibitors 
may offer potential therapeutic avenues for reducing the detri-
mental effects of these compounds.

Previous studies primarily focused on p-cresol and PCS roles 
as uremic toxins in CKD and their ability to precipitate ROS, 
leading to systemic oxidative damage, inflammation [40] and 
inhibit endothelial repair which participates in accelerated ath-
erosclerosis, is a hallmark of CKD patients and make them at 
higher risk of cardiovascular diseases than the general popula-
tion [41, 42].

New studies have demonstrated that p-cresol directly disrupts 
dopaminergic activity in brain regions critical for social and 
reward processing, such as the amygdala and striatum, linking 
its oxidative effects to specific behavioural outcomes, including 
hyperactivity, anxiety and impaired social interaction in ASD 
models [19, 33, 40]. Moreover, advancements in biochemical 
techniques have uncovered that PCS exacerbates mitochondrial 
dysfunction, leading to impaired ATP production and amplified 
ROS generation [20, 43].

The recent focus on gene–environment interactions further 
underscores how environmental exposure to these compounds 
interacts with genetic predispositions to influence the severity 
and progressivity of disease such as ASD pathophysiology and 
neurodegenerative diseases [26, 44].

The strengths of the studies included in this review lie in the 
robustness of their experimental designs, notably the use of 
multiple model systems to assess the effects of p-cresol on ox-
idative stress, as well as the consistency of the findings across 
studies, which collectively support the involvement of p-cresol 

in promoting oxidative stress, at least at the high blood concen-
trations typically encountered in uremic patients (100–250 mM). 
However, several limitations are also inherent to these six stud-
ies. These include variability in experimental methodologies, 
such as differences in p-cresol concentrations, experimental 
conditions and outcome measurements, which may affect the 
comparability and generalizability of results. Additionally, the 
lack of long-term in vivo studies or clinical trials limits the abil-
ity to assess the chronic effects and clinical relevance of p-cresol 
exposure. Furthermore, the potential for publication bias must 
be considered, as studies with positive results are more likely to 
be published, which could skew the overall findings.

Given these limitations, it is imperative that further research 
be conducted to elucidate the precise molecular mechanisms 
underlying the effects of p-cresol and p-cresyl sulphate (PCS) 
on oxidative stress. Additionally, studies should investigate the 
long-term consequences of elevated p-cresol concentrations in 
the body, particularly with regard to CKD, neurodegenerative 
and neurodevelopmental disorders, as well as its potential role 
in disease progression. The establishment of standardized ex-
perimental protocols is also recommended to enhance the com-
parability and reproducibility of findings across studies, thereby 
facilitating more robust conclusions in future research.

5   |   Conclusion

In summary, this review of the most recent literature shows 
that p-cresol and PCS are involved in boosting oxidative 
stress pathways through several mechanisms, activation of 
NADPH oxidase, dysregulation of neurotrophic factors and 
neurotransmitters, and the induction of extracellular vesicle 
(EV) formation. These results spur interest into therapeutic 
strategies aimed at reducing p-cresol production (prebiot-
ics) and absorption (selective cresol-binding adsorbents like 

FIGURE 2    |    Mechanisms underlying p-cresol- and p-cresyl sulphate-induced oxidative stress, and its negative consequences.
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divinylbenzenic resin) [21, 45] in addition to more traditional 
antioxidants, which some in  vitro studies presented here do 
find effective in limiting the damage produced by cresol- and 
PCS-induced oxidative stress, at least in vitro. Although more 
research is necessary to shed light on the complex set of mo-
lecular pathways underlying cresol-induced oxidative stress, 
these recent studies provide converging lines of evidence that 
indeed increased oxidative stress is one of the main mecha-
nisms involved in cellular and tissue damage produced by p-
cresol and its derivatives. Its prevention and correction thus 
merit to be further explored also for their potential clinical 
benefits.
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